Abstract-An electroquasistatic (EQS) model of capacitive hyperthermia for treating lung tumors is proposed, based on which the finite element method is applied to compute the electrical potential in a human thorax model. The temperature distribution in the thorax model, which is surrounded by a bolus maintained at a constant temperature, is computed by numerically solving a bio-heat equation, which includes metabolic heat generated in the tissues, heat convection mechanism in tissues and bolus, as well as the heat delivered by the microwave field computed with the EQS model and finite element method. Temperature-dependent blood perfusion rates of blood and muscle, respectively, are adopted to account for the physiological reaction of tissues to temperature variation. By simulations, it is observed that adjusting the dielectric properties of adipose tissue via injection, the time evolution of temperature distribution can be controlled to some extent, providing more flexibility to customize a hyperthermia treatment plan for specific patient.
INTRODUCTION
Hyperthermia (HT) treatment was conducted by delivering RF power to a malignant tumor to raise its temperature up to [40] [41] [42] [43] [44] [45] [46] • C [1] over a period of 50 minutes [2] . Typically, the local temperature surrounding the treated region is maintained under 44 • C to avoid collateral damages, and the body temperature is maintained below 42 • C to make the patient feel comfortable. Different types of HT techniques have been proposed, including capacitive [3] , inductive [4] , phased array [5] , ultrasound [6] and interstitial [7] . Typical operating frequencies include 1-300 MHz in the RF band and 300 MHz-300 GHz in the microwave band [8] ; 5 kHz-1 MHz for inductive HT [8] , MHz for capacitive HT [9] , and 70-2,450 MHz for phased-array HT [10] .
If the dimension of the treated region is comparable to one wavelength, full-wave methods should be applied to compute the electric-field distribution in that region [11] . Examples of full-wave methods include finite-difference time-domain (FDTD) method [12, 13] , finite element method (FEM) [4] , finite integration technique [11] , and so on. If the dimension of the treated region is much smaller than one wavelength, quasistatic approximation should be used instead [14] .
Thermal models have been used to compute the temperature distribution in tissues, including the cooling mechanism of perfusion [15, 16] . The tissue was modeled as continuous medium [17] , porous medium [18] or with the WJL (Weinbaum, Jiji and Lemon) model [18] . A discrete vessel model was proposed to account for large blood vessels in determining the local temperature distribution [15] . Spatial and time variation of arterial blood temperature can be incorporated to simulate physiological phenomenon [19] . A network model of straight vessels has also been used [16] .
In applying the hyperthermia technique, the tumor degradation process can be modeled with an Arrhenius-type kinetic equation [19] . Cell apoptosis in different cell phases appears different. The cells in S-phase and M-phase undergo a slow mode of cell death after hyperthermia [1] . The cells in G1-phase appear relatively heat resistant and reveal no microscopic damage during the exposure to heat, but may follow a rapid mode of death immediately after hyperthermia [1] . In this work, cell apoptosis during the 50-minute treatment period is neglected.
The heat convection between human body and water bolus depends on the thermal properties and thickness of the latter [12] . The temperature distribution in the tissues has been computed with FEM [20] , boundary element method (BEM) [21] , Monte Carlo method [22] and time-space decoupled form [23] .
Before applying capacitive HT on a specific patient, the position of electrodes should be adjusted to acquire a better deep-heating pattern [3] . Other clinic factors may also affect the practice of HT, including treatment planning, design of applicators [13] , metal implants [14] and the use of magnetite [24] . In principle, an effective treatment plan requires the optimization of temperature distribution in the treated region while avoiding collateral hot spots in the other tissues [15] .
In this work, an electroquasistatic (EQS) model is proposed to compute the potential distribution induced in a human thorax model when RF power is delivered via a pair of electrodes. The distribution of specific absorption rate (SAR) is then derived, followed by the Pennes' bio-heat equation and convective heat equation to compute the temperature distribution in the thorax [3] . The cooling effect of water bolus surrounding the skin and the modulation of dielectric properties in adipose tissues are also discussed.
This paper is organized as follows. The formulation and numerical scheme to compute the electric potential distribution in a three-dimensional thorax model are presented in Section 2. The bio-heat equation and numerical scheme to compute the temperature distribution are presented in Section 3, and the simulation results are discussed in Section 4. Finally, some conclusions are drawn in Section 5. Figure 1 shows the schematic of thorax model, where the human body in prone position is modeled as a tube with elliptical cross-section, each lung modeled as an ellipsoid, and the tumor modeled as a sphere. Fig. 2 shows the schematic of the ribs, sternum and spine, which are superimposed to the model in Fig. 1 in the simulations.
FIELD DISTRIBUTION IN THORAX MODEL
In the electroquasistatic (EQS) scheme, the zeroth-order electric potential Φ (0) (r) satisfies
where ρ (0) (r) (C/m 3 ) is the zeroth-order charge density in the thorax model. To apply the finite element method, the whole thorax model is first decomposed into a finite set of tetrahedra, and the scalar potential distribution in the thorax model is expanded in terms of the scalar Whitney-0 form elements {λ n (r)} as [25, 26] 
where λ n (r) is a linear function of x, y and z within a tetrahedron, and N v is the total number of vertices. Next, substitute Eq. (2) into Eq. (1) and apply the Petrov-Galerkin procedure [26] by multiplying λ m (r) to both sides of Eq. (1) then integrating over the domain of λ m (r) to obtain a matrix equation
whereS is a coefficient matrix, with S mn = drλ m (r)∇ · [ (r)∇λ n (r)];φ (0) contains the zeroth-order electrical potentials at all the vertices; andb s is derived from the potentials imposed on the electrodes, with b sm = − drλ m (r)ρ(r). A preconditioned generalized minimal residual (GMRES) method is then applied to solve Eq. (3) forφ (0) [27] .
The arrangement of electrodes as shown in Fig. 1 makes the zeroth-order currentJ (0) (r) = 0 negligible, which implies thatĀ (0) (r) = 0 andH (0) (r) = 0. Hence, the electric field can be represented only in terms of which induces a first-order current to drive a first-order magnetic vector potentialĀ (1) (r) as
The magnetic vector potentialĀ (1) (r) is then expanded in terms of the vector Whitney-1 form elements {ω n (r)} as [25, 26] Ā
whereω n (r) has unit tangential component over the assigned edge of a tetrahedron, and N e is the total number of edges. By substituting Eq. (5) into Eq. (4) and applying the Petrov-Galerkin procedure to Eq. (4), a matrix equation is derived asK 1 ·ā (1) =b k whereK 1 is another coefficient matrix;ā (1) contains the first-order magnetic vector potential along all the edges; andb k is derived from the displacement current term on the right-hand side of Eq. (4). The GMRES is then applied to solve forĀ (1) (r). By neglecting the first-order electric charge in the thorax model, the first-order electric field is computed asĒ (1) 
The validity of applying the EQS approach can be confirmed by checking if
The full-wave solutionĒ(r) [25] will also be used to confirm the EQS approach. The power density per unit volume can be represented as [3] 
where σ(r) is the conductivity (S/m) of the tissues, and the specific absorption rate (SAR) is computed as
where ρ(r) (kg/m 3 ) is the mass density of the tissues.
TEMPERATURE DISTRIBUTION IN THORAX MODEL
The temperature distribution in the thorax model satisfies the bio-heat equation [28] 
where c(r) (J/kg/K) is the heat capacity of the tissues; ρ b and c b are the mass density and heat capacity, respectively, of blood; ζ(r) (Watt/m/K) and T (r, t) (K) are the thermal conductivity and temperature, respectively, of the tissues; ξ(r) (m 3 /kg/s) is the blood flow rate per-unit-mass of tissues; T b is the temperature of blood, which is approximated as a constant; and Q s (r, t) (Watt/m 3 ) is the heat source, which is composed of
where Q met (r, t) (Watt/m 3 ) is the metabolic heat generation. By applying the Crank-Nicholson scheme [29] to (6), with
Next, the temperature distribution is expanded as a superposition of scalar Whitney-0 form elements as [25, 26] 
By substituting Eq. (8) into Eq. (7), we obtain 
The heat convection across S 1 is characterized bŷ
wheren is a unit normal vector pointing outwards from S 1 ; α (Watt/m 2 /K) is the heat transfer coefficient between tissues and bolus; and T 0 (K) is the temperature of bolus, which is assumed constant. By substituting Eq. (8) into Eq. (11), we havê
By multiplying λ m (r), with 1 ≤ m ≤ N v , to both sides of Eq. (12) then integrating over S 1 , we have b n (t)
Assume there is no heat flowing through S 2 , namely,
By substituting Eq. (8) b n (t)
By substituting Eqs. (13) and (16) into Eq. (10), we obtain a matrix equation
where
The GMRES is then applied to solve Eq. (17) for the time evolution of temperature distribution. Table 1 lists the geometrical parameters of the thorax model [30] used in the simulations. The size of the three-dimensional computational domain is specified as (w x , w y , w z ). A tumor is located in the lower posterior of the left lobe. The semi-axes of an ellipsoid are labeled as a, b and c in x, y and z directions, respectively, and subscripts , r, t and bl stand for left lung, right lung, torso and bolus, respectively. Two rectangular electrodes of size h x × h y are placed conformally to the bolus surface, and subscripts up and lw indicate the upper and lower electrodes, respectively. Each rib is modeled as a circular arc of radius r b , with the rib thickness h r,b in the radial direction and width w y,b in the y direction. Both the spine and the sternum are approximated to have rectangular cross-section, with widths of h x and h z in x and z directions, respectively; and subscripts sp and st indicate spine and sternum, respectively. The length of both spine and sternum within the computational domain is w y,s . To simplify the coding scheme, the sternum length is increased by about 3 cm, and the arc length of the first rib is also increased. The average thickness of subcutaneous fat tissue in the thorax model ranges from 0.5 to 2.5 cm for male and 1.5 to 4.0 cm for female [31] . It was reported that excessive heating could be induced in the subcutaneous fat which was thicker than 1.5-2 cm [9] . In this work, the thickness of subcutaneous fat tissue is set to 1 cm unless specified otherwise [9] . In [30] , circular electrodes with diameter of 13 cm and 22 cm, respectively, were used, with surface areas of 132 cm 2 and 380 cm 2 , respectively. In this work, the surface areas of the upper and the lower (rectangular) electrodes are set to 153.6 cm 2 and 500 cm 2 , respectively. In [30] , a thermometer was inserted 5 cm beneath the skin to measure the local temperature throughout the HT treatment. In this work, the lung tumor is located 6 cm beneath the skin. Table 2 lists the electrical properties of the thorax model. The dielectric properties of bolus are adjusted to match those of muscles [28] . The dielectric properties of human muscle were measured at body temperature within 24 to 48 hours postmortem [32] . The dielectric properties of ovine cortical bone, measured at 37 • C, are used to approximate those of human bones. The dielectric properties of lung tissue and tumor were measured at 8 MHz, 30 minutes after the tissue was removed from the human body, at temperature of 37 • C and relative humidity above 90%. The conductivity and dielectric constant of the tumor tissue are higher than those of normal tissues [1] .
SIMULATIONS AND DISCUSSIONS
Obvious difference of | | between bolus and adipose significantly reduces the electric field from penetrating into the torso. Provided that certain viable solution can be injected into the adipose layer and permeate around it during the HT treatment, the electrical conductivity of adipose can be increased to induce more electric current in muscle, lung and tumor. Furthermore, if the dielectric properties of tissues in between the two electrodes can be modulated in a similar manner, more power may be delivered to the tumor. Potential materials to increase the electrical conductivity include nanoparticles [34] and saline water [35] . In treating liver tissue of rabbits with RF ablation [35] , hypertonic saline (36% NaCl) was injected to decrease the electrical impedance η of liver tissue from 116.3 Ω to 73 Ω, where
which implies that σ is increased by about 2.5 times (at 8 MHz). Alternatively, solution containing nano-particles was used to increase the electrical conductivity of local tissues by less than 10% in capacitive hyperthermia [34] . Table 3 lists the thermal properties of the thorax model. In normal lung tissue, typical blood perfusion rate is 401 (ml/kg/min) or ξ = 6.68 × 10 −6 (m 3 /kg/s) [40] , which is also adopted in [39] . The blood perfusion rate in a lung tumor, measured with multidetector computer tomography (MDCT) on patients with non-small cell lung cancer, is about 10.6 (ml/100 ml/min) [42] or 2.53 × 10 −6 (m 3 /kg/s), assuming the density of lung tumor is 697 (kg/m 3 ) [41] . During a typical hyperthermia treatment, ξ of tumor does not decrease as the temperature is raised up to 44 • C [43] . In this work, it is approximated as a constant. The temperature-dependent blood perfusion rate of fat (ξ fat ) and muscle (ξ muscle ) are modeled as [44] where T is the temperature in • C. The frequency of the voltage source connected to the electrodes is 8 MHz; the output power is 300 Watt; the magnitude of voltage on the upper electrode is 81.25 V; and the lower electrode is Table 3 . Thermal properties of thorax model. |Ē (1) | = 35 V/m, respectively. The first-order field is an order of magnitude smaller than the full-wave field and the zeroth-order field, implying that the EQS approximation provides sufficiently accurate results at 8 MHz. Figure 7 shows the SAR distributions in the original case where the adipose and the muscle tissue are not modulated in conductivity, as well as two other cases where the conductivity is locally modulated. The bones have relatively higher mass density than the surrounding tissues and have lower SAR value than the latter. The adipose tissue impedes the RF power from entering the torso. The SAR level inside the lungs is relatively high, due to its relatively low mass density (242.6 kg/m 3 ). The SAR level is higher in the upper part than in the lower part because the upper electrode has a smaller size and the power is more focused around it than around the lower electrode. The SAR level increases near the edges of both electrodes because the electric field near the edge is enhanced. The SAR level is higher in the left side than in the right side because both electrodes are placed closer to the left side. High SAR level is observed in the adipose layer, and an obvious difference in SAR level appears around the adipose-muscle interface.
After liposuction operation on both upper and lower parts of torso, more RF power can penetrate into internal tissues. A reduction of around 0.5 cm adipose tissue can help prevent local hot-spots. Compared with case 2, additional saline water is injected below the lower electrode in case 1, hence the penetrating RF power is increased from 259 Watt in case 2 to 300 Watt in case 1, with the upper electrode applied the same voltage and the lower electrode grounded. The SAR levels at the center of the tumor in the unmodulated case, case 1 and case 2 are 13, 60 and 58 (Watt/kg), respectively. The EM heat source in case 1 is Q em 42, 000 (Watt/m 3 ), and that in a reference case [21] is Q em 22, 600 (Watt/m 3 ). Table 4 lists the operational parameters during different phases of an HT treatment plan in [30] . The same RF power will be applied in simulating the original case and case 2. Figure 8 shows the time variation of tumor temperature by applying continuous wave during the 50-minute treatment period, simulated at time intervals of Δt = 15 s. The nonlinear ξ is updated at time instants of 1, 2, 3, 4, 5, 7, 10, 15, 25 and 35 minutes, respectively, after the initiating time. In case 1 and case 2, the temperature of tumor is raised from 36 • C at t = 0 to 41.7 • C at t = 50 minutes. As a reference, the temperature in a clinic case [30] rises from 36 • C at t = 0 to 45 • C at t = 50 minutes. Figure 9 shows the temperature distributions at t = 50 minutes in the original case, case 1 and case 2, respectively. The temperature near the tissue-bolus interface is kept low by the bolus. The , respectively, which is higher than its surrounding tissues. However, the temperature at hot-spot can reach 59.5 • C, 43.69 • C and 46.79 • C, respectively. Additional modulation of conductivity around the lower electrode may help reduce the hot-spot temperature. This study demonstrates possible effect on the temperature distribution by modulating the conductivity near the hot-spots, in terms of field theory and heat-convection mechanism. The physiological effects and other clinic issues need further study, which are out of the scope of this work. 
CONCLUSION
An EQS model of capacitive hyperthermia for treating lung tumor is proposed, which is followed by applying the finite element method to compute the electrical potential in a human thorax model. The temperature distribution is computed by numerically solving a bio-heat equation, including metabolic heat and heat convection in tissues as well as microwave power delivered from the capacitive electrodes. Simulation results indicate that by injecting saline water to modulate the conductivity in adipose and muscle tissues, more microwave power can be delivered to raise the tumor temperature.
